Abstract: The optical transmission characteristics for the hollow carbon-coated Fe 3 O 4 colloidal photonic crystal have been calculated with the finite-difference time-domain (FDTD) method. We analyze the influence of the factors on the photonic band gap (PBG) that include lattice constant a, the number of the particles in propagating direction N y , the thickness of carbon layer H c and Fe 3 O 4 cluster layer H f , and the thickness ratio of the two layers. The results show that the PBGs red shift and the bandwidth first increases and then decreases with the increasing a. In the situation of increasing N y , the PBG changes from irregular to uniform, followed by the oscillations on both sides of the PBG growing in number and the deepened PBG in the low-frequency region. The PBGs move toward the low frequency direction with the increase of H c , and the optimal value of H c for the uniform color response is 10 nm $ 25 nm. The PBGs red shift with the increasing H f , and the first bandwidth increases while the second decreases. The optimal H f for the ideal PBG is 35 nm $ 55 nm. The stop bands move to the high-frequency direction with the increasing thickness ratio ðH c : H f Þ, and the best ratio is 10 nm : 55 nm for the complete PBG and wider bandwidth.
Introduction
Yablonovitch [1] and John [2] independently suggested the concept of the "Photonic Crystal" in 1987. Researchers verified the existence of PBG in the diamond structure [3] , based on the calculated results in 1990. Under the guidance of theoretical design, Yablonovitch fabricated the first complete PBG structure [4] with the band gap range of 10 GHz $ 13 GHz in 1991, and the results in theoretical calculation and experimental measurement matched well. This was the first time to experimentally verify the existence of PBG in materials. Generally speaking, when electromagnetic waves enter into the dielectric structure with the permittivity periodically arranged, due to the Bragg scattering, a certain frequency range of electromagnetic waves cannot propagate in this structure and finally form PBGs. The colloidal photonic crystals assembled by colloidal nanoparticles are a kind of very important PBG materials. Researchers have gradually focussed on using the magnetic field to induce colloidal particles to form the photonic crystals in recent years. The superparamagnetic colloidal particle becomes the ideal building block of this kind of photonic crystal for its unique properties [5] - [8] . By adjusting the magnitude and direction of the external magnetic field, one can efficiently and reversibly control the self-assembly process of the superparamagnetic colloidal particles and adjust the lattice parameters and the symmetry of photonic crystal to obtain the magnetic responsive photonic crystals with ideal optical properties [6] , [9] - [11] . Ge et al. [12] - [18] reported the superparamagnetic Fe 3 O 4 colloidal photonic crystal with the magnetically tunable PBGs covering the visible region. They prepared the superparamagnetic Fe 3 O 4 clusters which composed of many primary Fe 3 O 4 nanospheres of 10 nm. The clusters can increase the magnetic response and the interaction of particles, and avoid the superparamagnetic-to-ferromagnetic transition (the critical size of Fe 3 O 4 with superparamagnetism is 30 nm). Given to the strict experimental conditions and poor repeatability, we used the relatively simple high-temperature pyrolysis method [19] - [23] to synthesize the hollow carbon-coated Fe 3 O 4 colloidal particles, expecting to obtain the magnetically responsive colloidal photonic crystal. The composite particles exhibit typical superparamagnetism and the rich carboxyl and hydroxyl groups introduce the strong electrostatic repulsion on the surface. When the magnetic forces and electrostatic repulsion force reach the balance, the carbon-coated superparamagnetic colloidal particles can be self-assembled to form the chain-like photonic crystal. And the external conditions [24] - [27] that can change the balance between nanoparticles will cause the variety of the photonic crystal structure and affect its optical transmission characteristics.
In this paper, based on the composite particles as-prepared in experiments, we numerically simulate the optical transmission characteristic of the hollow carbon-coated Fe 3 O 4 colloidal photonic crystal using the FDTD method, and investigate the influence of different structural parameters on PBGs, including the lattice constant, the number of period, the thickness of carbon layer and Fe 3 O 4 cluster layer and the thickness ratio of the two layers. The results offer the optimal structure parameters of the photonic crystal and provide theoretical reference for designing the experimental programs to fabricate this kind of colloidal photonic crystal with ideal PBG property.
Methods and Models
The FDTD method [28] , [29] was first proposed by K. S. Yee in 1966, and it is one of the most classical simulation methods of electromagnetic field [30] . It starts from the discretization of the Maxwell equations and can produce relatively small errors. The basic idea of FDTD is to directly solve the time-dependent Maxwell equations and replace the differential forms using the central difference forms of the electric and magnetic field components in time and space. After the discretization of the electric and magnetic field components in time and space by alternating sampling, each electric field component is surrounded by four magnetic field components and each magnetic field component is surrounded by four electric field components, making the space of electromagnetic field as the Yee grid distribution. Therefore, a set of differential equations are used to express the time-dependent Maxwell equations and then we solve the electromagnetic field in space under the step-by-step drive in the axis of time. According to the initial values and the boundary conditions, we can gradually obtain the distribution of the electromagnetic field in space at each time [31] - [33] .
The simulation models originate from the structure of the carbon-coated Fe 3 O 4 nanoparticles prepared in our previous experiments. In synthesis, 0.30 g of ferrocene ðFeðC 5 H 5 Þ 2 Þ was dissolved in 30 mL of acetone ðC 3 H 6 OÞ. After sonication for 30 min, 1.50 mL of hydrogen peroxide (H 2 O 2 , 30%) was gradually added into the above mixture solution, and at the same time using the magnetic stirring device to vigorously stirred for 30 min. Then the mixture solution was transferred into the Teflon-lined stainless autoclave with the volume of 50 mL. After that, the autoclave was heated to 200°C and maintained for 72 h, and it was then naturally cooled to room temperature. The products from the autoclave were separated as the supernatant and the precipitates under a magnetic field, and then the supernatant was discarded. In order to remove the excess ferrocene, the precipitates were then washed several times with acetone. The final black products were dried at room temperature in a vacuum oven and then are characterized by SEM, TEM, XRD, and VSM. Fig. 1(a) shows the representative SEM image of the Fe 3 O 4 nanoparticles which are coated with carbon layer on the surface. Fig. 1(b) shows the typical TEM image of the sample, which demonstrates that the Fe 3 O 4 cluster is not the solid structure, but the hollow structure which composed of the carbon layer on its surface, Fe 3 O 4 cluster layer and hollow body inside it. Fig. 2(a) shows the XRD patterns of the as-prepared samples and the characteristic peaks indicate that the Fe 3 O 4 is formed. The hysteresis loop of the sample in Fig. 2 (b) measured at room temperature indicates that the sample displays the superparamagnetism, which means it can perform instant response to external magnetic fields.
In addition, the carbon layer offers the surface modification for the Fe 3 O 4 clusters, and it can simultaneously introduce the electrostatic repulsion and steric effects on the surface. The rich carboxyl and hydroxyl groups on the surface provide the high density of negative charge. Thus, the particles prepared in our previous work can reach the balance of the electrostatic repulsion force and the magnetic forces under the external magnetic field to self-assemble into photonic crystal and display the apparent colors just as shown in Fig. S1 in the Supporting Information. The average radius of the hollow body r ¼ 10 nm, and it is less affected by the experimental conditions.
The simulation models are created as those depicted in Fig. 3 . The composite nanoparticles are periodically arranged into the cubic lattice in air with lattice constant a along x , y , z directions. The number of the period is N and the boundary conditions along x , y , z directions are the electrical boundary, open boundary and magnetic boundary, respectively. The incident electromagnetic wave propagates along the y -direction and its frequency falls in the visible range 395 THz $ 770 THz.
The Debye relaxation relation [34] - [36] between the complex permittivity of materials and the frequency is as follows:
where " 1 and " s are the real part of the optical-frequency and static permittivity, respectively. i is the imaginary unit ffiffiffiffiffiffi ffi À1 p . ! and are the frequency and relaxation time, respectively. From the Debye relaxation relation, the electric field changes very fast at high-frequency range, and its changing cycle is almost shorter than the relaxation time. As a result, the relaxation polarization cannot keep up with the change of electric field and only the instantaneous polarization can occur. The imaginary part of the permittivity tends to zero for the optical frequency and this means that the loss is so small that it can be neglected. Therefore, in this paper the electromagnetic loss in propagation can be overlooked and the permittivity is set as constant. The relative permittivity of hollow body, Fe 3 O 4 clusters layer and carbon layer are 1, 12.25, and 6.4 [37], respectively. The relative permeability of the three materials is 1 in optical frequency range [38] . We use the adaptive mesh refinement calculation, and the error precision is 0.02. The inhomogeneous grid division [39] provide the reasonable utilization of the computer resource, and improve the calculation speed at the premise of ensuring the calculation precision.
Results and Discussions

The Influence of the Lattice Constant
In the process of building models, we make reference to the experimental data and set the parameters as follows: the composite particles are arranged into cubic lattice with the lattice (c) shows that the stop band of the photonic crystal appears in 669 THz $ 702 THz. The electromagnetic wave cannot propagate in the structure as its frequency falling into the PBGs, while it can propagate well as the frequency outside the PBGs. When the electromagnetic wave with the frequency of f ¼ 680 THz that is inside the PBGs enters into the photonic crystal, we can only obtain the electromagnetic signal at the incident port, but it decays quickly to zero and the transmission of this electromagnetic wave is inhibited, just as shown in Fig. 4(a) . While the electromagnetic wave with the frequency of f ¼ 580 THz that is outside the PBGs can propagate well in the structure and we can detect the obvious electromagnetic signals across the whole photonic crystal, just as shown in Fig. 4(b) . The animate field of f ¼ 680 THz and f ¼ 580 THz are shown as a video in the Supporting Information (j.avi and t.avi).
Furthermore, we set the lattice constant as the sweeping parameter that changes from 200 nm $ 450 nm, and the increment is 50 nm. According to the adaptive mesh refinement calculation, the stop bands appear in 720 THz $ 770 THz for a ¼ 200 nm, 688 THz $ 763 THz for a ¼ 250 nm, 669 THz $ 702 THz and 751 THz $ 770 THz for a ¼ 300 nm, 654 THz $ 673 THz and 699 THz $ 760 THz for a ¼ 350 nm, and 660 THz $ 702 THz for a ¼ 400 nm, just as those depicted in Fig. 5 .
The optical transmission spectra perform the tendency of moving to the low-frequency direction and the position of PBGs gradually red shifts with the increasing a. The bandwidth first increases and then decreases. The photonic crystal can perform good PBG property for a varying between 200 nm and 400 nm. However, with the further increase of lattice constant, the PBGs gradually become disorganized (see Fig. S2 in the Supporting Information). When a reaches to 450 nm, the spectrum loses regularity and PBGs seems to be disorganized. This can be explained by the Bragg diffraction mechanism which is the essential reason for the formation of the photonic band gap. The Bragg diffraction is mutually influenced by the amplitude of the reflected and refracted light and the lattice constant. With the increase of lattice constant, the phase relationship of the reflected and refracted lights gradually became mismatched. Therefore, the interference phenomenon cannot occur and thus the Bragg diffraction cannot be observed. Therefore, the PBGs lost organized state for larger lattice constant.
We can also qualitatively analyze the dependence of the diffraction wavelength on the lattice constant from the Bragg's law [12] ¼ 2nd sin , in which , n, d , are the diffraction wavelength, the refractive index of the medium, the lattice plane spacing and the Bragg angle, respectively. Thus, the diffraction wavelength increases with the increasing lattice plane spacing, showing the tendency of red-shift for the transmission spectra. The calculation results are consistent with the theoretical results and the experimental results [12] , and they are reliable to guide the design of the experimental schemes.
The Influence of the Number of the Period
Considering that the electromagnetic wave propagates along y -direction in photonic crystal, we set the number of the building block along y -direction as the sweeping parameter to obtain its influence laws on the optical transmission characteristics. The composite particles, in which the radius of the hollow body is 10 nm, the thickness of Fe 3 O 4 cluster layer is 40 nm and carbon layer is 25 nm, periodically arranged into the cubic lattice structure with a ¼ 300 nm. The number of the period in x -direction N x ¼ 5 and z-direction N z ¼ 5, while in y -direction N y varies from 2 to 20 to get the influence of the period in propagating direction on the PBGs.
The calculated results show that the photonic crystal performs one irregular band gap when N y is less than 5 and it gradually develops into regular state with the increasing N y , just as Fig. 6(a) . When N y is larger than 5 and ranging from 5 to 20 in Fig. 6(b) , the regular band gap appears in 670 THz $ 705 THz, which means that the position of the band gap and its bandwidth have remained basically unchanged with the increase of N y . Both the number of the oscillations on two sides of the band gap and the depth of the band gap in the low-frequency range show obvious increase with the increasing N y . Given to the two factors that obtaining the regular band gap and saving the computer memory to improve the calculating speed, we set N y ¼ 10 to simulate in other parts of this paper. 
. The Carbon Layer Thickness
Experimental results show that adjusting the amount of a certain reactant can correspondingly change the carbon layer thickness during the preparation of hollow carbon-coated Fe 3 O 4 spheres. The variety of the carbon layer thickness will undoubtedly change the effective permittivity of the composite particle, and finally results in relevant impacts on the PBGs. In this part, we study the influence of the carbon layer thickness on the optical transmission characteristic of this kind of colloidal photonic crystal by FDTD. The parameters of the model are set as follows: a ¼ 300 nm and the radius of the hollow body is r ¼ 10 nm. The thickness of Fe 3 O 4 clusters layer H f is 40 nm, while the thickness of the carbon layer H c is the sweeping parameter. Given to the fact that the carbon layer thickness is about 10 nm $ 35 nm in experiments, H c varies from 5 nm to 40 nm in simulation. The periodic number of the structure is N ¼ 5 Â 10 Â 5. The grid is divided into 5 009 724 grid cells and the minimum grid size is 5.0 nm. Fig. 7 shows the optical transmission spectra of photonic crystal with different carbon layer thickness (5 nm $ 40 nm). The spectra show that the stop bands gradually move towards the low-frequency direction and the corresponding bandwidth becomes larger with the increase of the carbon layer thickness. There is no obvious stop band in the transmission spectrum as H c ¼ 5 nm and the minimum transmittance is 0.32. Therefore, the photonic crystal cannot perform the obvious diffraction phenomenon for smaller thickness of the carbon layer. While the clear stop band appears and the diffracted light can be available as H c ¼ 10 nm $ 25 nm. And the position of the same stop band moves from 760 THz $ 767 THz to 669 THz $ 702 THz, while the corresponding bandwidth increases from 7 THz to 33 THz. When H c is greater than 25 nm, there are two stop bands in the visible range and both of them show the trend of redshift and increasing bandwidth. The variety of the carbon layer thickness can perform obvious impact to the stop band of the photonic crystal. Therefore, when other parameters are fixed, we can effectively adjust the diffraction wavelength in the visible range by changing the thickness of the carbon-coated layer.
From the above results, we can get the significant conclusions to guide further experiments. For the colloidal photonic crystal with hollow carbon-coated Fe 3 O 4 as building blocks, the thickness of carbon layer plays an important role in adjusting the optical transmission property. The range of diffraction wavelength prefers to appear in blue-violet light for the smaller carbon layer thickness. Conversely, it tends to appear in red-yellow light for the larger one. Furthermore, 10 nm $ 25 nm is the optimal thickness of the carbon layer, and in this situation the colloidal photonic crystal exhibits uniform color response with the obvious single stop band in the transmission spectrum. Thus, we can try to adjust the carbon layer thickness by controlling the react conditions to achieve the ideal photonic crystal. 
The Fe 3 O 4 Cluster Layer Thickness
The other important structural parameter that can be adjusted in experiments is the thickness of Fe 3 O 4 cluster layer in the hollow structure. The larger the thickness of Fe 3 O 4 cluster is, the more it contains the primary Fe 3 O 4 nanocrystals. The particles will response to the magnetic field more sensitive and it is more possible to obtain the photonic crystal with high performance. In this part, we study the influence of Fe 3 O 4 cluster layer thickness on the optical transmission property by FDTD.
In the process of building model, the relative permittivity and permeability of the materials are just as before. The model is the cubic lattice with a ¼ 300 nm and the periodic number of the structure is N ¼ 5 Â 10 Â 5. The thickness of carbon layer H c ¼ 25 nm. The thickness of Fe 3 O 4 cluster layer H f is the sweeping parameter varying from 15 nm to 65 nm with the increment is 10 nm in the simulation.
According to the adaptive mesh refinement calculation with the error precision of 0.02, the transmission spectra of the photonic crystal with different Fe 3 O 4 cluster layer thickness H f are presented in Fig. 8 . The changing trend of the stop bands is towards the low-frequency direction and the stop bands continuously move from the near-ultraviolet region to the visible region, then from the visible region to near-infrared region with the increasing H f . At the same time, the first bandwidth gradually increases while the second decreases. It can be seen from the spectra distribution that there are no obvious stop bands as H f 25 nm and the minimum transmittance is 0.58. Then the obvious single stop band appears in 723 THz $ 744 THz as H f ¼ 35 nm. Two or more stop bands emerge in the visible range for H f ! 45 nm, and when H f reaches to 65 nm, the spectrum is divided by four stop bands, resulting in the fact that uniform stop bands cannot appear and that the transmission spectra become less regular. Actually the increasing thickness of Fe 3 O 4 cluster layer which has larger permittivity than other constituent materials can result in the larger effective permittivity of the composite particles. This will directly increase the permittivity contrast between the particles and the background, which is benefit to the appearance of PBGs. Moreover, the total size of the composite particle enlarges for the increasing Fe 3 O 4 cluster layer thickness, and thus, the chances for Bragg diffraction increase accordingly. In this situation, more lights can be reflected and refracted, resulting in the appearance of multiple PBGs. Therefore, it is not benefit to the appearance of uniform stop bands for too small or large thickness of Fe 3 O 4 clusters layer. The optimal thickness is 35 nm $ 55 nm when other parameters are fixed, and the diffracted wavelength tends to appear in short wavelength range for the smaller thickness, while it appears in long wavelength range for the larger one.
The Thickness Ratio
Given to the actual experimental results and the above simulated results, we study the influence of the thickness ratio of the carbon layer and Fe 3 O 4 cluster layer on the transmission property of the photonic crystal. And based on the simulation results, we expect to get the optimal thickness ratio to find a fine balance between the two layers. The radii of the hollow body and the whole composite particle are r ¼ 10 nm and R ¼ 75 nm, respectively. Thus the thickness sum of the two layers keeps as a constant, namely H c þ H f ¼ 65 nm. The lattice constant a is 300 nm and the period N ¼ 5 Â 10 Â 5. According to the numerical simulation with FDTD, the calculated results are showed in Fig. 9 .
For the photonic crystal structure composed of the composite particles without the carbon layer on the surface, the thickness ratio H c : H f ¼ 0 nm : 65 nm and there are two stop bands of 567 The results can be explained with the effective permittivity. The relations of the refractive index n with permittivity " of the material and the effective permittivity [40] of composite particles are as follows:
where is the permeability of the material. r and n are the radius and refractive index of materials in each part of the composite particles, respectively. With the increase of the thickness ratio H c : H f , the effective permittivity of the particles decreases and PBGs show the blue-shift trend, which is in line with our earlier work. The Fe 3 O 4 cluster layer plays more important role in the appearance of PBGs, but considering from the perspective of experiments, the carbon layer is necessary for offering the rich negative charges to generate the electrostatic repulsion force. 
Conclusion
The optical transmission characteristics for photonic crystal with hollow carbon-coated Fe 3 O 4 colloidal spheres as building block have been calculated with FDTD method. The transmission properties with different parameters have been analyzed, including the lattice constant, the number of the period in propagating direction, the structural parameters of particles (the surface carbon layer thickness, the Fe 3 O 4 clusters layer thickness and the thickness ratio of the two layers). The results show that this kind of colloidal photonic crystal performs good PBG characteristic and the stop bands show red-shift with the increase of the lattice constant while the bandwidth first increases and then decreases. With the increasing number of the period in propagating direction, the photonic crystal generates the PBG changing from irregular to uniform, the number of the oscillations on both sides of PBG increases and the PBG in the low-frequency region is deepened. To obtain the regular PBG and save the computer memory to improve the calculating speed, the optimal N y is set as 10 for the simulation in the paper. Photonic crystals with small thickness of carbon layer preferentially diffract blue-violet light, while the large one preferentially diffracts red-yellow light. The PBGs show red-shift and the optimal thickness of carbon layer that can make the uniform color appear is 10 nm $ 25 nm. The PBGs also red shift with the increasing thickness of Fe 3 O 4 cluster layer, and the first bandwidth increases while the second decreases. The PBGs develop from the initial single uniform stop band to simultaneously appearing two or more stop bands in the visible region. The optimal thickness of Fe 3 O 4 clusters layer for the ideal uniform PBG is 35 nm $ 55 nm. The best thickness ratio of the two layers is H c : H f ¼ 10 nm : 55 nm for the complete PBG and wider bandwidth. The calculated results provide the significant theoretical guidance for designing experiments to prepare the photonic crystals with the desirable PBG properties.
